Summary statement: The mouse aldehyde dehydrogenases ALDH3B2 and ALDH3B3 exhibit similar substrate specificity but distinct intracellular localization (ALDH3B2, lipid droplets; ALDH3B3, plasma membrane). The C-terminal prenylation and two Trp residues are important for the lipid droplet localization of ALDH3B2.
INTRODUCTION
The many aldehyde molecules present in living organisms are either absorbed from external sources such as diet, drugs, and environmental pollutants or endogenously produced via metabolism of lipids, amino acids, and neurotransmitters or through oxidation of biomolecules [1] . Aldehyde molecules are reactive in nature. The carbonyl carbon of aldehydes is partially positive-charged and is readily attacked by nucleophiles such as amines, producing a Schiff base. Therefore, aldehydes can easily react with important cellular biomolecules and impair their functions. Aldehyde dehydrogenases (ALDHs) are responsible for the removal of aldehydes: they oxidize the toxic aldehydes to form non-toxic carboxylic acid. There are 19 ALDH and 21 Aldh genes in the human and mouse genomes, respectively.
The cytotoxicity of aldehyde molecules is evidenced by the fact that mutations in human ALDH genes can give rise to several inherited disorders, such as Sjögren-Larsson syndrome (ALDH3A2) [2] , type II hyperprolinemia (ALDH4A1) [3] , pyridoxine-dependent seizures (ALDH7A1) [4] , γ-hydroxybutyric aciduria (ALDH5A1) [5] , and methylmalonic aciduria (ALDH6A1) [6] .
The ALDH3 subfamily in particular plays important roles in the oxidation of lipid-derived aldehydes. Five ALDH3 subfamily members exist in mice: namely, ALDH3A1, ALDH3A2, ALDH3B1, ALDH3B2, and ALDH3B3, with ALDH3B3 being rodent-specific.
ALDH3A1/crystallin is a soluble protein abundantly expressed in the cornea [7] , and protects the cornea and lens from UV-induced oxidative stress by removing oxidative products such as lipid-derived 4-hydroxy-2-nonenal (4-HNE) [8] . Accordingly, Aldh3a1-knockout mice develop lens opacification and cataracts in response to UV exposure [8] . ALDH3A2 is expressed ubiquitously and exhibits activity toward saturated and unsaturated aliphatic aldehydes of C6 to C24 in length [9] . The major splicing isoform of ALDH3A2 is a type II endoplasmic reticulum (ER) membrane protein, whereas its minor isoform is localized to peroxisomes [10, 11] . A variety of ALDH3A2 substrates are generated through the metabolism of lipids such as fatty alcohols, leukotriene B 4 , phytol, and sphingosine-1-phosphate (S1P) and through lipid peroxidation [12] [13] [14] .
ALDH3B1 is also expressed ubiquitously, and its protein levels are high in the kidney, liver, and ovary [15, 16] . Similar to ALDH3A2, human ALDH3B1 exhibits activity toward medium-chain to long-chain aldehydes; in contrast to ALDH3A2, its subcellular localization is in the plasma membrane [17] . It follows that there is a clear distinction between the roles of ALDH3B1 and ALDH3A2: they act to detoxify aldehydes generated in the plasma membrane and the ER (and peroxisomes), respectively. Indeed, ALDH3B1 protects cells from the cytotoxicity of exogenously added aldehydes and oxidants [16] . We recently reported that human ALDH3B1 is dually lipidated (palmitoylation and prenylation) and that prenylation of ALDH3B1 is important for its plasma membrane localization and its activity toward long-chain aldehydes [17] .
Lipid droplets store abundant triglycerides for membrane synthesis and as an energy supply, and imbalances of lipid droplets and fat storage are associated with several metabolic diseases [18, 19] . The structure of lipid droplets is unique in that they consist of a hydrophobic core of neutral lipids surrounded by a monolayer of phospholipids, mainly phosphatidylcholine [20] . Lipid droplets are ubiquitous and are particularly prominent in adipose tissue. The most abundant fatty acid in adipose tissues (i.e., the most abundant triglyceride fatty acid in lipid droplets) is oleic acid, comprising ~44% of total adipose tissue fatty acids [21] . Although much progress has been made in understanding lipid droplet biogenesis within the last decade, many unknown factors still exist, including the mechanism of protein targeting to lipid droplets and the quality control of lipids in lipid droplets.
Considering the abundance of unsaturated fatty acids in lipid droplets, oxidative stress may produce fatty aldehydes from peroxidized lipids. However, the ALDHs responsible for the removal of such aldehydes in lipid droplets are not known.
ALDH3B2 and ALDH3B3 are expected to exhibit activity toward lipid-derived aldehydes due to their high sequence similarities to other ALDH3 family members. However, these two ALDHs have yet to be characterized. Therefore, analysis of both members is crucial to understanding the overall cellular defensive mechanism against aldehydes in greater detail.
In the present study, we characterized ALDH3B2 and ALDH3B3 with respect to their activity, subcellular localization, tissue distribution, and lipid modification. We found that both ALDH3B2 and ALDH3B3 exhibited broad substrate specificity toward medium-chain and long-chain aldehydes, similar to ALDH3A2 and ALDH3B1. ALDH3B2 was localized to lipid droplets, whereas ALDH3B3 was localized to the plasma membrane. These results indicate that ALDH3 subfamily members function to remove lipid-derived aldehydes in specific organelles: i.e., ALDH3A1 in the cytosol, ALDH3A2 in the ER and peroxisome, ALDH3B1 and ALDH3B3 in the plasma membrane, and ALDH3B2 in lipid droplets.
MATERIALS AND METHODS

Cell culture and transfection
HEK 293T and HeLa cells were cultured in DMEM (Sigma, St. Louis, MO) supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. HEK 293T cells were grown in dishes pre-coated with 0.3% collagen. Transfections were conducted using Lipofectamine Plus Reagent (Life Technologies, Carlsbad, CA), according to the manufacturer's instructions.
Plasmids
The pCE-puro 3xFLAG-1 [22] and pEGFP-C1 (Clontech, TAKARA Bio, Palo Alto, CA) plasmids are mammalian expression vectors designed to produce proteins tagged with an N-terminal 3xFLAG and an N-terminal enhanced green fluorescent protein (EGFP), respectively. Mouse Aldh3a1 (GenBank accession number, AF072815), Aldh3a2 (AF289813), Aldh3b1 (BC046597), Aldh3b2 (AK136505), and Aldh3b3 (AK081788) genes were amplified by PCR using the respective forward (-F1) and reverse (-R1) primers listed in Table 1 gene was amplified by PCR using CGI-58-F1 and CGI-58-R1 primers (Table 1 ) from human placenta cDNA (Clontech, TAKARA Bio). The amplified fragments were first cloned into the pGEM-T Easy vector (Promega, Madison, WI), generating the pGEM-mALDH3A1, pGEM-mALDH3A2, pGEM-mALDH3B1, pGEM-mALDH3B2, pGEM-mALDH3B3, and pGEM-CGI-58 plasmids. The cDNA fragment was then prepared from each resulting plasmid by digesting with the appropriate restriction enzymes and cloning into either pCE-puro 3xFLAG-1 or pEGFP-C1, generating the pCE-puro 3xFLAG-mALDH3A1, pCE-puro 3xFLAG-mALDH3A2, pCE-puro 3xFLAG-mALDH3B1, pCE-puro 3xFLAG-mALDH3B2, pCE-puro 3xFLAG-mALDH3B3, pCE-puro 3xFLAG-CGI-58, pEGFP-mALDH3B1, pEGFP-mALDH3B2, and pEGFP-mALDH3B3 plasmids.
The ALDH3B2/ALDH3B3 chimeras were constructed by exchanging the StuI-SpeI, StuI-HindIII, or HindIII-BamHI fragment of either the pGEM-mALDH3B2 or pGEM-mALDH3B3 plasmid for the corresponding fragment of the other gene. The chimera genes generated were digested with BamHI and SalI and cloned into the BglII-SalI site of the pEGFP-C1 plasmid, generating the pEGFP-mALDH3B(3/2/2), pEGFP-mALDH3B(2/3/2), pEGFP-mALDH3B(2/2/3), pEGFP-mALDH3B(2/3/3), pEGFP-mALDH3B(3/2/3), and pEGFP-mALDH3B(3/3/2) plasmids.
Most of the Aldh3b2 and Aldh3b3 mutants were created using a QuikChange site-directed mutagenesis kit (Stratagene, Agilent Technologies, La Jolla, CA) with the appropriate template plasmids and primers: for Aldh3b2 W462A, primers ALDH3B2-Q1F and ALDH3B2-Q1R; for Aldh3b2 W469A and Aldh3b2 W462/469A, primers ALDH3B2-Q2F and ALDH3B2-Q2R; and for Aldh3b3 R462/463A, primers ALDH3B3-Q1F and ALDH3B3-Q1R (Table 1 ). The Aldh3b2 C476S mutant was generated by PCR using the primers ALDH3B2-F1 and ALDH3B2-R2 from the pGEM-mALDH3B2 plasmid.
In vitro ALDH assay 3xFLAG-ALDH3A1, 3xFLAG-ALDH3A2, 3xFLAG-ALDH3B1, 3xFLAG-ALDH3B2, and 3xFLAG-ALDH3B3 were expressed in HEK 293T cells. Cells were suspended in buffer A (50 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, 10% glycerol, 1x protease inhibitor mixture (Complete EDTA-free; Roche Diagnostics, Indianapolis, IN), 1 mM PMSF, and 1 mM DTT) containing 1% Triton X-100 and sonicated. After incubation for 30 min at 4 °C, the total cell lysates were centrifuged at 100,000 g for 30 min at 4 °C. The supernatant was then incubated with anti-FLAG M2 affinity agarose gel (Sigma) overnight at 4 °C with rotation. Beads were washed three times with buffer A containing 0.1% Triton X-100, and bound proteins were eluted with buffer A containing 100 μg/ml 3xFLAG peptide and 0.1% Triton X-100.
The in vitro ALDH assay was performed by incubating 10 ng of the affinity-purified protein with 500 μM NAD + and 100 μM hexadecanal [23] , octanal (Wako Pure Chemical Industries, Osaka, Japan), or acetaldehyde (Wako Pure Chemical Industries) in buffer B (50 mM Tris-HCl (pH 8.5), 150 mM NaCl, 10% glycerol, and 0.1% Triton X-100) for 15 min at 37 °C. The reaction was monitored by measuring the fluorescence of the NADH product (excitation at 356 nm and emission at 460 nm) using a monochromator Infinite M200 (Tecan, Männedorf, Switzerland).
Cell fractionation
Cells treated with or without the geranylgeranyltransferase I inhibitor GGTI-2133 (Sigma)
were suspended in buffer A and lysed by sonication. After removal of unlysed cells by centrifugation at 1,000 g for 3 min at 4 °C, the resulting supernatant (total lysate) was centrifuged at 100,000 g for 30 min at 4 °C. The resulting pellet (i.e., the membrane fraction) and supernatant (i.e., the soluble fraction) were subjected to immunoblotting.
Immunoblotting
Proteins were separated by SDS-PAGE and electrotransferred to an Immobilon PVDF membrane (Millipore, Billerica, MA) at a constant current of 2 mA per 1 cm 2 membrane for 1 h. The resulting membrane was incubated with a 5% skim milk blocking solution (dissolved in TBS-T (20 mM Tris-HCl (pH 7.5), 137 mM NaCl, and 0.05% Tween 20) for 1 h at room temperature. The membrane was then incubated with blocking solution containing anti-FLAG M2 (1 μg/ml; Stratagene, Agilent Technologies), anti-calnexin (H-10; 0.2 μg/ml; Santa Cruz Biotechnology, Santa Cruz, CA), or anti-GAPDH (1 μg/ml; Ambion, Austin, TX) antibodies for 1 h at room temperature. After washing with TBS-T three times, the membrane was incubated with blocking solution containing HRP-conjugated anti-rabbit or anti-mouse IgG F(ab') 2 fragment (each 1:7500 dilution; GE Healthcare Life Sciences, Buckinghamshire, UK)
antibodies for 1 h at room temperature, followed by washing with TBS-T three times.
Labeling was detected using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA).
Fluorescence microscopy
HeLa cells were grown on coverslips and transfected with the indicated plasmids. Cells were fixed with 3.7% formaldehyde in PBS for 10 min at 37 °C and permeabilized with 0.1%
Triton X-100 in PBS for 5 min at room temperature. After washing with 60% isopropanol, cells were incubated with 1.8 mg/ml oil red O (Nacalai Tesque, Kyoto, Japan) in 60% isopropanol for 20 min at room temperature, followed by repeat washing with PBS. Cells were then blocked with blocking solution (10 mg/ml BSA in PBS) at 37 °C for 30 min and incubated with anti-FLAG M2 antibody (2 μg/ml) in blocking solution for 1 h at room temperature. After washing three times with PBS, the cells were incubated with Alexa Fluor 488-or 594-conjugated anti-mouse antibody (each at 5 μg/ml; Molecular Probes, Life Technologies, Eugene, OR) in blocking solution for 1 h at room temperature. Coverslips were washed with PBS, mounted with Prolong Gold Antifade Reagent (Molecular Probes, Life
Technologies) and observed under a Leica DM5000B microscope (Leica Microsystems, Wetzlar, Germany). In the case of EGFP-fusion protein-expressing cells, the permeabilization, blocking, and antibody staining steps were omitted.
Real-time quantitative RT-PCR
Total RNA was isolated from tissues of 4-8 week-old C57BL/6 mice using a NucleoSpin RNA II kit (MACHEREY-NAGEL, Dueren, Germany), according to the manufacturer's instructions. Real-time quantitative PCR was performed using the one-step SYBR PrimeScript RT-PCR kit II (TaKaRa Bio, Shiga, Japan) and respective forward (-rt1) and reverse (-rt2) primers (Table 1) 
Acyl-biotinyl exchange (ABE) assay
The assay was performed as described previously [24] .
RESULTS
ALDH3B2 and ALDH3B3 exhibit enzymatic activity toward medium-and long-chain aldehydes
To examine the activity of ALDH3B2 and ALDH3B3, N-terminally 3xFLAG-tagged ALDH3B2 and ALDH3B3, as well as ALDH3A1, ALDH3A2, and ALDH3B1 for comparison, were affinity-purified and subjected to in vitro enzyme assays using a short-chain aldehyde (acetaldehyde), a medium-chain aldehyde (octanal), and a long-chain aldehyde (hexadecanal) as substrates. Acetaldehyde was not good substrate for the ALDH3 family members in general, with only ALDH3B1 exhibiting a weak activity toward acetaldehyde ( Figure 1A) . ALDH3B1, ALDH3B2, and ALDH3B3 exhibited similar activity profiles, with greater activity toward hexadecanal than octanal. ALDH3A2 exhibited comparable but still slightly higher activity toward hexadecanal than octanal. On the other hand, the activity of ALDH3A1 was much higher toward octanal than hexadecanal, reflecting its localization in the cytosol. These substrate preferences of ALDH3A1, ALDH3A2, and ALDH3B1 were consistent with previous studies [9, 17, 25] . These results indicate that ALDH3A2, ALDH3B1, ALDH3B2, and ALDH3B3 have activity toward medium-and long-chain aldehydes in common.
We next examined the expression of mouse ALDH3B2 and ALDH3B3 mRNAs by real-time quantitative RT-PCR in the liver, kidney, lung, testis, small intestine, white adipose tissue, and spleen ( Figure 1B ). The highest expression of ALDH3B2 was observed in the testis, followed by the white adipose tissue, while its expression in the liver was low. The expression of ALDH3B3 mRNA was the highest in the testis, followed by the kidney, and low in the liver and lung.
ALDH3B2 is localized to lipid droplets
Distinct subcellular localizations have been reported for ALDH3A1 (cytosol) [26], ALDH3A2
(ER and peroxisomes) [10, 11] , and human ALDH3B1 (plasma membrane) [17] . However, the localization of ALDH3B2 or ALDH3B3 had yet to be identified. To determine the intracellular localization of these two enzymes, we first fractionated the total cell lysate prepared from HeLa cells expressing 3xFLAG-ALDH3 proteins into soluble and membrane fractions. Consistent with current knowledge of localization, cytosolic ALDH3A1 was detected in the soluble fraction and the integral membrane protein ALDH3A2 was recovered in the membrane fraction ( Figure 2A ). Mouse ALDH3B1 was localized to both the soluble and membrane fractions (Figure 2A ), as was human ALDH3B1, which anchored to the plasma membrane via lipidation [17] . Both ALDH3B2 and ALDH3B3 exhibited fractionation patterns similar to ALDH3B1.
We next examined the intracellular localization of the N-terminally EGFP-tagged ALDH3B1, ALDH3B2, and ALDH3B3 in HeLa cells using fluorescence microscopy ( Figure   2B ). Although EGFP alone was localized to the cytosol and nucleus, EGFP-ALDH3B1 and EGFP-ALDH3B3 were found in the plasma membrane as well as in some punctate structures in the cytoplasm. EGFP-ALDH3B2 formed ring-like structures, reminiscent of lipid droplets.
To confirm the observation that ALDH3B2 localized to lipid droplets, HeLa cells expressing 3xFLAG-ALDH3B2 were treated with oleic acids to promote the development of lipid droplets, and then incubated with oil red O to stain them. Indirect immunofluorescence microscopy revealed that ALDH3B2-positive ring structures surrounded the oil red O-stained lipid droplets ( Figure 2C ). Furthermore, ALDH3B2 was co-localized with the lipid droplet marker CGI-58 ( Figure 2D ). These results indicated that ALDH3B2 is localized to lipid droplets.
ALDH3B proteins are geranylgeranylated
We have previously shown that human ALDH3B1 is dually lipidated (via palmitoylation and prenylation) [17] . Prenylation (farnesylation or geranylgeranylation) occurs at C-terminal
CaaX motifs (C, prenylated Cys residue; a, an aliphatic amino acid residue), with the X residue determining the type of prenylation, i.e., geranylgeranylation (X = Leu or Ile) or farnesylation (X = Ser, Met, Gln, or Cys) [27] . Mouse ALDH3B1, ALDH3B2, and ALDH3B3
all contain C-terminal CTLL sequences, as does human ALDH3B1. Therefore, these ALDH3B proteins are also predicted to be modified by geranylgeranylation. To confirm this supposition, cells were treated with the geranylgeranyltransferase I inhibitor GGTI-2133 and subjected to a cell fractionation assay. Upon treatment with GGTI-2133, membrane-associated ALDH3B1, ALDH3B2, and ALDH3B3 decreased compared with mock-treated cells, while their respective soluble forms increased ( Figure 3A) . Thus, ALDH3B1, ALDH3B2, and ALDH3B3 are indeed geranylgeranylated.
We next examined the effects of the loss of geranylgeranylation on the enzymatic activity of mouse ALDH3B proteins. Treatment with GGTI-2133 reduced the activity of ALDH3B1, ALDH3B2, and ALDH3B3 toward hexadecanal ( Figure 3B ). This effect has been similarly observed in human ALDH3B1 [17] . These results indicate that geranylgeranylation is important for the membrane localization and enzyme activity of ALDH3B proteins.
Cys residues adjacent to a prenylated Cys residue are often palmitoylated [28] , as is the case with human ALDH3B1 [17] . Human ALDH3B1 contains one Cys residue (Cys463), which is located two amino acids before the N-terminal of the prenylated Cys residue (Cys465), whereas mouse ALDH3B1 contains two Cys residues (Cys462 and Cys463) near the CTLL prenylation sequence. On the other hand, no Cys residues exist adjacent to the CTLL sequences in ALDH3B2 or ALDH3B3. An acyl-biotinyl exchange (ABE) assay, which substitutes biotin for the palmitate moiety [29] , revealed that ALDH3B1 was palmitoylated, but not ALDH3B2 or ALDH3B3 ( Figure 3C ). We created Ser-substituted mutants for the putative palmitoylation sites of ALDH3B1 (C462S and C463S single substitutions and a C462/463S double substitution) and subjected them to the ABE assay. Palmitoylation decreased in the single mutants (C462S and C463S) and was completely abolished in the double mutant (C462/463S) ( Figure 3D ), indicating that ALDH3B1 is palmitoylated at the Cys462 and Cys463 residues.
The C-terminal regions of ALDH3B2 and ALDH3B3 determine their localization
Although ALDH3B2 and ALDH3B3 share extremely high sequence similarity (86.4% identity and 92.5% similarity), their intracellular localizations differ, with ALDH3B2 found in lipid droplets and ALDH3B3 localized to the plasma membrane ( Figure 2 ). To identify the region that is necessary for ALDH3B2 to localize to the lipid droplets, we created several chimera proteins of ALDH3B2 and ALDH3B3 by exchanging the N-terminal region (amino acid residues 1-26), the middle region (27-452), and the C-terminal region (453-479) with each other. The constructed chimera proteins were termed ALDH3B(3/2/2), ALDH3B(2/3/2), ALDH3B(2/2/3), ALDH3B(2/3/3), ALDH3B(3/2/3), and ALDH3B(3/3/2): for example, ALDH3B(2/3/2) means that the chimera protein contained the N-terminal region of ALDH3B2, the middle region of ALDH3B3, and the C-terminal region of ALDH3B2.
Exchanging the N-terminal regions did not affect the localization of ALDH3B2 or ALDH3B3, since ALDH3B(3/2/2) and ALDH3B(2/3/3) exhibited intracellular localization that was similar to the original ALDH3B2 and ALDH3B3 proteins, respectively (Figure 4) .
Substitution of the middle region also had little effect on the localization of ALDH3B2 or ALDH3B3. ALDH3B(2/3/2) exhibited lipid droplet localization similar to ALDH3B2.
ALDH3B(3/2/3) was localized in the plasma membrane, although some lipid droplet localization was also observed (Figure 4 ).
In contrast, exchanging the C-terminal regions greatly influenced their localization.
ALDH3B(3/3/2) was localized to lipid droplets, similar to ALDH3B2. ALDH3B(2/2/3) was mainly localized to the plasma membrane, but also partly to lipid droplets ( Figure 4 ). These results suggest that the most important region determining lipid droplet localization exists in the C-terminal region of ALDH3B2, although the middle region appears to be partially involved in the localization as well.
The C-terminus of ALDH3B3 contains three Arg residues, whereas ALDH3B2 only has one ( Figure 5A ). It has been reported that clusters of positively charged residues near prenylation sites are important for the plasma membrane localization of K-RasB and Cdc42 [30, 31] . Therefore, to examine the role of Arg residues in the plasma membrane localization of ALDH3B3, we created a double Ala-substituted mutant (R462/463A), in which both the Arg462 and Arg463 residues were substituted with Ala residues. The plasma membrane localization of ALDH3B3 was diminished in the R462/463A mutant; indeed, the mutant exhibited lipid droplet localization instead ( Figure 5B ). Thus, Arg462 and Arg463 residues are important for the plasma membrane localization of ALDH3B3.
The Arg462 residue of ALDH3B3 is not conserved in ALDH3B2, which has a Trp residue (Trp462) instead ( Figure 5A ). The involvement of Trp residues in intracellular localization has been reported for a few lipid droplet proteins [32] [33] [34] . ALDH3B2 contains another Trp residue (Trp469), which is conserved in ALDH3B3, and which is located between Trp462 and the prenylation site ( Figure 5A ). We created mutants of these Trp residues (single Ala-substituted mutants W462A and W469A and a double Ala-substituted mutant W462/469A) and examined their intracellular localization. The lipid droplet localization observed for wild type ALDH3B2 was greatly affected by the W462A mutation ( Figure 6A ).
ALDH3B2 W462A was localized mainly to the cytosol, although some lipid droplet localization was retained. However, ALDH3B2 W469A and W462/469A mutant proteins were almost completely absent from the lipid droplets ( Figure 6A ). Consistent with these results, cell fractionation assays revealed that the membrane localization of ALDH3B2 W462A was reduced and little ALDH3B2 W469A and W462/469A were detected in the membrane fractions. Taken together, these results indicate that the Trp462 and Trp469 residues are important for the lipid droplet localization of ALDH3B2.
We next examined the role of prenylation in the lipid droplet localization of ALDH3B2.
We created a Ser-substituted mutant of the prenylated Cys residue (C476S) and subjected cells to analysis by immunofluorescence microscopy. The ALDH3B2 C476S mutant was dispersed throughout the cytosol ( Figure 6A ), indicating that prenylation is required for lipid droplet localization. This result is consistent with the findings from the cell fractionation experiment with the geranylgeranyltransferase inhibitor, where inhibition of prenylation caused a decrease in membrane-associated ALDH3B2 ( Figure 3A) .
DISCUSSION
The accumulation of aldehydes is cytotoxic because of their high reactivity. ALDHs are responsible for the detoxification of aldehyde molecules by oxidizing them to carboxylic acids [1] . Lipids are one source of cellular aldehydes; these lipid-derived aldehydes are generated via the normal metabolism of several lipids as well as the oxidation of unsaturated fatty acids due to oxidative stress. For example, in the metabolic pathway of the lipid mediator S1P, S1P is cleaved to the fatty aldehyde hexadecenal and phosphoethanolamine [14] . Hexadecenal is oxidized to hexadecenoic acid by ALDH3A2 and is further metabolized to glycerophospholipids [13] . ALDH3A2 is the causative gene of the neurocutaneous disorder Sjögren-Larsson syndrome [2] , whose pathology is believed to be caused by the accumulation of lipid-derived aldehydes, including hexadecenal [12] [13] [14] . Oxidative stress generates free radicals that react with unsaturated fatty acids, and the resulting lipid hydroperoxides are degraded into several compounds, such as 4-HNE from n-6 polyunsaturated fatty acids [35] .
Of the 21 mouse ALDHs, it is the ALDH3 subfamily members (ALDH3A1, ALDH3A2, ALDH3B1, ALDH3B2, and ALDH3B3) that are responsible for the oxidation of lipid-derived aldehydes. Although ALDH3A1, ALDH3A2, and ALDH3B1 have already been biochemically analyzed [9, 17, 25] , little research has been conducted on ALDH3B2 or ALDH3B3. In the present study, we characterized both ALDH3B2 and ALDH3B3 with respect to their enzyme activity, intracellular localization, tissue distribution, and lipid modification, and compared them with the other ALDH3 subfamily members. All ALDH3 subfamily members except for ALDH3A1 exhibited activity toward a broad range of medium-and long-chain aliphatic aldehydes, whereas the activity of ALDH3A1 toward the long-chain aldehyde hexadecanal was low ( Figure 1A ). The substrate preferences of ALDH3 subfamily members corresponded with their membrane localizations. ALDH3A1 was found to be a soluble protein, while the other ALDH3 subfamily members were membrane proteins ( Figure 2A ). Hexadecanal is more hydrophobic than octanal and is likely to associate with the membrane, where ALDH3A2, ALDH3B1, ALDH3B2, and ALDH3B3 are located. When the prenylation of ALDH3B
proteins were inhibited by GGTI-2133, their activity toward hexadecanal decreased ( Figure   3B ). We have previously obtained similar results with human ALDH3B1 prenylation mutants, which exhibited reduced activity toward hexadecanal compared to wild type ALDH3B1, despite normal activity levels toward octanal [17] . As in this present study, these previous in vitro enzyme assays were performed under non-ionic detergent, Triton X-100-solubilized conditions. Therefore, these results suggest that prenylation does not affect the enzyme activity of ALDH3B1; rather, the micelle association of ALDH3B1 through prenylation may be required for the efficient recognition of hexadecanal. Similar effects may be responsible for the decrease in the enzyme activity of ALDH3 proteins toward hexadecanal upon treatment with GGTI-2133 in this study.
Our results indicate that ALDH3A2, ALDH3B1, ALDH3B2, and ALDH3B3 exhibit similar, broad substrate preferences toward medium-and long-chain aldehydes. Thus, the differences in their functions cannot be attributed to their substrate specificity. However, their intracellular localizations varied greatly; ALDH3A2 is found in the ER and peroxisomes, ALDH3B1 and ALDH3B3 are localized to the plasma membrane, and ALDH3B2 locates to lipid droplets [11, 17] (Figure 2B ). It therefore follows that they function to remove lipid-derived aldehydes generated at their specific sites of localization. For example, the dominant splicing isoform of ALDH3A2 is localized to the ER, which is a major site of lipid metabolism. S1P metabolism also occurs in the ER and the ER-resident ALDH3A2 oxidizes the S1P metabolite hexadecenal [13] .
ALDH3B1 and ALDH3B3 are localized to the plasma membrane. Since the plasma membrane is in contact with the extracellular environment, it is susceptible to exogenous oxidative stress. ALDH3B1 and ALDH3B3 may be responsible for removal of such oxidative stress-induced aldehydes in the plasma membrane. Consistent with this notion, ALDH3B1
protected cells from the cytotoxic, exogenously added aldehydes and oxidants [16] .
ALDH3B3 is rodent-specific and is not conserved in humans. It is possible that ALDH3B1
alone is sufficient to remove plasma membrane aldehydes in humans. We found that ALDH3B2 was localized to lipid droplets ( Figure 2C and 2D ). Triglycerides stored in lipid droplets contain a high amount of unsaturated fatty acids [21] , which can be converted to aldehydes under conditions of oxidative stress. ALDH3B2 may be involved in removal of these aldehydes generated in lipid droplets. Lipid droplets are abundant in adipose tissues, consistent with our data demonstrating that the expression level of ALDH3B2 mRNA in white adipose tissue is high ( Figure 1B ).
All ALDH3B proteins (ALDH3B1, ALDH3B2, and ALDH3B3) are modified by prenylation (geranylgeranylation), and inhibition of this modification caused shifts in the localization from the membrane to the soluble fraction ( Figure 3A) . Previous studies on Ras, another prenylated protein, revealed that prenylation alone is not sufficient for stable plasma membrane association, and that additional palmitoylation (in the cases of N-Ras, H-Ras, and K-RasA) or positively charged residues (in the case of K-RasB) is required [30] . In the plasma membrane, negatively charged phospholipids such as phosphoinositides, phosphatidylinositol, and phosphatidylserine are asymmetrically enriched in the inner leaflets [36] and interact with positively charged residues [31] . We demonstrated here that ALDH3B1 is palmitoylated at Cys462 and Cys463 ( Figure 3D ) and that the positively charged residues Arg462 and Arg463 are important for the plasma membrane localization of ALDH3B3
( Figure 5B ).
We also found that ALDH3B2 was localized to lipid droplets ( Figure 2C and 2D ).
However, mutations in the Trp462 and/or Trp469 as well as Cys476 residues of ALDH3B2 prevent this movement ( Figure 6A ), demonstrating that both prenylation and the Trp residues are required for lipid droplet localization of ALDH3B2. Trp residues are often present in membrane proteins at the interface between the aqueous phase and the lipids, and are involved in their binding to membranes [37, 38] . Biophysical analysis using NMR demonstrated that the aromaticity of Trp residues results in a tendency for these residues to reside in the electrostatically complex interface environment while the flat rigid shape of the Trp residue limits access to the hydrophobic moiety of the lipid chain [39] . Although the targeting mechanism of proteins to lipid droplets is largely unclear, the importance of Trp residues for lipid droplet localization has been previously reported for proteins including CGI-58, cholesteryl ester transfer protein, and the guanine nucleotide exchange factor GBF1 [32] [33] [34] . When the C-terminal region of ALDH3B2 was subjected to helical wheel plotting, the Trp462 and Trp469 residues and the prenylated Cys residue (Cys476) were closely oriented ( Figure 6C ). Thus, it is likely that these two Trp residues are located at the interface of the lipid droplet membrane and the cytosol and bind to lipid droplet membranes. When the positively charged Arg462 and Arg463 residues of ALDH3B3 were substituted with Ala, the mutant protein localized to the lipid droplets ( Figure 5B ). Since ALDH3B3 contains Trp469, which is conserved in ALDH3B2, the ALDH3B3 R462/463A mutant protein may be localized to lipid droplets through Trp469.
Lipid droplets have recently garnered much attention, particularly in the last decade, as abnormal quantity of lipid droplets has been linked to several metabolic diseases [18, 19] .
However, little is known about the molecular mechanisms underlying protein targeting to lipid droplets or the removal of oxidized lipids from lipid droplets. Future studies further elaborating upon our findings and those of others will be important to elucidate such mechanisms. Takuya (A) HEK 293T cells were transfected with the pCE-puro 3xFLAG-mALDH3A1, pCE-puro 3xFLAG-mALDH3A2, pCE-puro 3xFLAG-mALDH3B1, pCE-puro 3xFLAG-mALDH3B2, or pCE-puro 3xFLAG-mALDH3B3 plasmid. Twenty-four hours after transfection, the total lysate was prepared from these cells, solubilized with Triton X-100, and subjected to affinity-purification using anti-FLAG M2 beads. The affinity-purified protein ( (A) HeLa cells were transfected with the pCE-puro 3xFLAG-mALDH3A1, pCE-puro 3xFLAG-mALDH3A2, pCE-puro 3xFLAG-mALDH3B1, pCE-puro 3xFLAG-mALDH3B2, or pCE-puro 3xFLAG-mALDH3B3 plasmid. Twenty-four hours after transfection, the total lysate was prepared from these cells and centrifuged at 100,000 g for 30 min at 4 °C. The pCE-puro 3xFLAG-mALDH3B2, or pCE-puro 3xFLAG-mALDH3B3 plasmid. Three hours after transfection, cells were incubated with 10 μM GGTI-2133, a geranylgeranyltransferase I inhibitor, or its DMSO solvent for 24 h at 37 °C. (A) The total cell lysate was prepared and centrifuged at 100,000 g for 30 min at 4 °C. The resulting supernatant (soluble fraction; S) and pellet (membrane fraction; M) were then subjected to immunoblotting using anti-FLAG, anti-calnexin (a membrane protein marker), and anti-GAPDH (a soluble protein marker)
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antibodies. (B) The total lysate was prepared, solubilized with Triton X-100, and subjected to affinity-purification using anti-FLAG M2 beads. The affinity-purified protein (10 ng) was incubated with 500 μM NAD + and 100 μM hexadecanal for 15 min at 37 °C. The fluorescence of the NADH product was measured using a monochromator Infinite M200. Values represent the mean ± S.D. of three independent experiments. Statistically significant differences are indicated (**p < 0.01, *p < 0.05; t-test). (C and D) , HEK 293T cells were transfected with the pCE-puro 3xFLAG-mALDH3B1 (C and D), pCE-puro 3xFLAG-mALDH3B2 (C), pCE-puro 3xFLAG-mALDH3B3 (C), pCE-puro 3xFLAG-mALDH3B1-C462S (D), pCE-puro 3xFLAG-mALDH3B1-C463S (D), or pCE-puro 3xFLAG-mALDH3B1-C462/463S (D) plasmid. The total cell lysate was prepared, treated with N-ethylmaleimide to block non-palmitoylated Cys residues, and incubated with hydroxylamine (Ha) to liberate palmitic acid. The exposed Cys residues were biotinylated using EZ-LinkTM Biotin-HPDP (Thermo Fisher Scientific). The biotinylated proteins were precipitated with immobilized avidin beads and detected by immunoblotting with anti-FLAG antibody (upper panels). The ALDH3B
proteins in the total lysate were detected by immunoblotting with anti-FLAG antibody (lower panels). AvP, avidin precipitation; IB, immunoblotting. HeLa cells were transfected with the pEGFP-mALDH3B2, pEGFP-mALDH3B3, pEGFP-mALDH3B(3/2/2), pEGFP-mALDH3B(2/3/2), pEGFP-mALDH3B(2/2/3), pEGFP-mALDH3B(2/3/3), pEGFP-mALDH3B(3/2/3), or pEGFP-mALDH3B(3/3/2) plasmid.
Each plasmid encodes for ALDH3B2, ALDH3B3, or the ALDH3B2/ALDH3B3 chimera protein as illustrated. Forty-eight hours after transfection, cells were subjected to microscopic observation with a Leica DM5000B fluorescence microscope. (A and B) HeLa cells were transfected with the pCE-puro 3xFLAG-mALDH3B2, pCE-puro 3xFLAG-mALDH3B2-W462A, pCE-puro 3xFLAG-mALDH3B2-W469A, pCE-puro 3xFLAG-mALDH3B2-W462/469A, or pCE-puro 3xFLAG-mALDH3B2-C476S plasmid. (A)
Twenty-four hours after transfection, cells were treated with 100 μM oleic acid and incubated for a further 24 h. Cells were fixed with 3.7% formaldehyde, stained with anti-FLAG The restriction sites created are underlined.
